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that	while	a	 relatively	 small	 amount	of	nutrient	enrichment	 impacts	plant	diversity,	
only	relatively	large	levels	of	fertilization—over	an	order	of	magnitude	or	more	than	
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in	 global	 mean	 surface	 temperature	 (IPCC	 2013).	 Arctic	 tundra	 is	





















ductivity,	 concurrent	 increases	 in	 organic	matter	 decomposition	 are	
weakening	 the	 strength	 of	 the	Arctic	CO2	 sink	 (Hayes	 et	al.,	 2011),	
and	the	region	is	likely	to	become	a	net	C	source	to	the	atmosphere	by	
2100	(Abbott	et	al.,	2016).	As	high-	latitude	ecosystems	contain	twice	



















tilization	 experiments	 (i.e.,	 annual	 additions	 of	 ≥10	g	m−2	year−1 N 
and	≥5	g	m−2	year−1	P)	across	varying	Arctic	 tundra	 types	have	doc-
umented	increases	in	NPP	and	pronounced	shifts	in	plant	community	







clines	 in	 plant	 diversity,	 are	 often	 attributable	 to	 shifts	 in	 compet-




bled	 NPP,	 but	 soil	 C—a	much	 larger	 pool—decreased	 substantially,	
resulting	 in	 a	 net	 decrease	 of	 ecosystem	C	 storage	 (Mack,	 Schuur,	
Bret-	Harte,	Shaver,	&	Chapin,	2004).	In	contrast,	examination	of	more	
gradual	shifts	 in	nutrient	availability	via	 long-	term	warming	showed	
increases	 in	 plant	 biomass	 and	dominance	of	woody	 shrub	 species	
with	no	changes	in	total	soil	C	and	N	pools,	ultimately	increasing	net	
ecosystem	C	storage	after	20	years	 (Sistla	et	al.,	2013).	However,	 it	
is	 unclear	 how	much	 of	 this	 response	was	 driven	 by	 direct	 effects	
of	temperature	 increases	versus	 indirect	effects	of	warming-	related	
nutrient	 enrichment	 (Sistla	 et	al.,	 2013).	 In	 addition,	 large-	scale	ex-
perimental	and	observational	warming	studies	have	documented	in-
creases	 in	deciduous	 shrub	cover	 that	 is	often	 indirectly	 attributed	
to	nutrient	enrichment	(Elmendorf,	Henry,	Hollister,	Bjork,	Bjorkman,	
et	al.	 2012;	 Elmendorf,	Henry,	Hollister,	Bjork,	Boulanger-	Lapointe,	
et	al.	 2012).	While	 substantial	 variation	 in	 the	 structure	 and	 com-




















2007;	 Tilman,	 1987),	 suggesting	 that	 ecosystem	 properties	 or	 pro-
cesses	may	be	impacted	by	low	levels	of	enrichment	(Clark	&	Tilman,	
2008).	Addressing	both	the	magnitude	and	variability	of	nutrient	en-
richment	 in	 a	 changing	world	 is	 important	 if	we	are	 to	 improve	our	
overall	 understanding	of	 the	 effects	 of	 nutrient	 availability	on	plant	
communities	and	ecosystem	function.
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The	few	incremental	nutrient	addition	experiments	that	have	been	









dicating	ecosystem	N	saturation	 (Arens	et	al.,	2008).	 In	addition,	 re-
cent	 leaf-	level	work	 in	 low	Arctic	Alaska	 illuminated	species-	specific	
decoupling	of	respiration	and	photosynthesis	and	shifts	in	leaf	nutri-
ent	content	across	a	nutrient	enrichment	gradient,	with	possible	con-
sequences	 for	 ecosystem	 carbon	 balance	 (Heskel,	 Anderson,	 Atkin,	
Turnbull,	&	Griffin,	2012).
In	this	study,	we	sought	to	examine	the	effects	of	incremental	N	
and	 P	 enrichment	 on	 plant	 community	 composition	 and	 ecosystem	
function	 in	 low	Arctic	 tundra.	 Specifically,	 we	 examined	 how	 plant	
diversity,	 canopy	 leaf	 area,	 and	 key	 components	of	 the	 capacity	 for	
ecosystem	C	cycling	 (i.e.,	net	ecosystem	exchange	(NEE),	ecosystem	
respiration	 (ER),	 and	 gross	primary	productivity	 (GPP))	 respond	 to	 a	
gradient	of	experimental	N	and	P	enrichment	at	a	 low	Arctic	tundra	
site	 in	northern	Alaska.	As	we	were	interested	in	how	the	maximum	
capacity	 for	 ecosystem	CO2	 exchange	was	 impacted	 by	 the	magni-
tude	of	nutrient	addition,	and	not	how	nutrient	addition	impacts	CO2 
exchange	throughout	a	season,	we	focused	on	measuring	ecosystem	
processes	 during	 the	 period	 of	 peak	 tundra	 greenness.	 In	 addition,	




model	 to	 help	 partition	 CO2	 flux	 responses	 to	 nutrient	 enrichment	
between	 various	 drivers	 (i.e.,	 leaf	 area,	 irradiance	 or	 temperature).	
Overall,	we	 hypothesized	 that	 plant	 diversity	 (e.g.,	 species	 richness	
and	abundance-	weighted	diversity)	and	ecosystem	function	(e.g.,	NEE,	
GPP,	ER)	would	respond	to	relatively	low	levels	of	nutrient	addition.
2  | MATERIALS AND METHODS











is	 distributed	 on	 each	 5	×	20	m	 plot,	 corresponding	 to	 fertilization	
treatment.	Treatment	name	denotes	the	amount	of	fertilizer	applied	
at	the	beginning	of	each	growing	season:	“CT”,	a	control	that	receives	
no	 fertilizer;	 “F0.5”	 (0.5	g	 N	m−2	year−1	+	0.25	g	 P	m−2	year−1);	 “F1”	



















data	on	bulk	 soil	N	 from	Arctic	 tundra	 soils	 (Mack	et	al.,	 2011),	 the	











2.2 | Leaf area index, plant community composition,  
and plant diversity
To	 calculate	 leaf	 area	 index	 (LAI;	 m2	 one-	sided	 green	 leaf	 per	 m2 
ground),	we	used	the	Normalized	Difference	Vegetation	Index	(NDVI).	
Derived	 from	 reflectance	 data,	 NDVI	 captures	 the	 relative	 amount	
of	 green	vegetation	 and	 thus	 is	 an	 indicator	of	 canopy	 “greenness”	
(Rouse	et	al.	1974).	NDVI	has	proven	 to	be	sensitive	 to	differences	
in	aboveground	plant	structure,	biomass,	and	canopy	cover	in	Arctic	
tundra	 ecosystems	 (Boelman,	 Gough,	 McLaren,	 &	 Greaves,	 2011;	
Boelman	et	al.,	 2003;	 Steltzer	&	Welker,	 2006;	Vierling,	Deering,	&	
Eck,	 1997).	We	obtained	 spectral	 reflectance	measurements	 during	
peak	tundra	greenness	(July	12–20,	2015)	for	a	subset	of	at	least	two	
of	our	CO2	flux	locations	per	plot	(N	=	39)	with	a	field	portable	dou-
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flux	 quadrat	 (roughly	 0.75	m	 in	 diameter)	 and	 averaged	 to	 capture	
spatial	 heterogeneity.	 Each	vegetation	upwelling	 radiance	measure-
ment	was	immediately	followed	by	a	measurement	of	a	99%	reflec-










types,	generalized	by	Shaver	et	al.	 (2007)	 (Equation	2).	This	model	 is	
commonly	employed	in	studies	of	Arctic	vegetation	and	carbon	fluxes	








treatment	 plot).	We	used	 these	 percent	 cover	 data	 to	 calculate	 the	
number	 of	 species	 in	 the	 community,	 species	 richness	 (S),	 and	 two	
common	 abundance-	weighted	 diversity	metrics,	 the	 Shannon	 Index	

















2.3 | Measured CO2 flux measurements and 
calculations
During	 the	 period	 of	 peak	 tundra	 greenness	 (July	 12–16,	 2015),	
changes	in	CO2	concentration,	water	vapor,	photosynthetically	active	
radiation	 (PAR),	 and	 air	 temperature	were	measured	 using	 a	 Li-	Cor	
6400XT	infrared	gas	analyzer	(IRGA;	Li-	Cor,	Lincoln,	Nebraska,	USA)	
operated	in	closed-	system	mode.	The	IRGA	was	affixed	to	a	transpar-
ent,	cylindrical,	portable	polycarbonate	chamber	(r = .36 m; h	=	0.61	m),	
with	internal	fans	to	ensure	adequate	mixing	of	air	and	steady	chamber	





















relevant	 flux	metrics:	NEE,	ER,	 and	gross	primary	production	 (GPP).	

































(5)NEE = (휌∗V∗ (dC∕dt)∕A)
(6)GPP = ER−NEE
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2.4 | Modeled CO2 fluxes
To	compare	our	flux	measurements	to	those	predicted	at	a	system-	









































per	μmol	photons	absorbed)	 is	the	 initial	slope	of	the	 light	response	
curve.	Incoming	solar	irradiance	(I)	is	the	top-	of-	the-	canopy	photosyn-











plant	 diversity,	 relative	 cover	 of	 plant	 functional	 groups	 and	 LAI,	 we	
used	one-	way	analyses	of	variance	(ANOVA)	followed	by	Tukey	Honest	
Significance	Difference	post	hoc	tests	when	ANOVA	results	were	sig-












3.1 | Leaf area index, plant fractional cover, and plant 
diversity






ing	plant	 community	 composition	and	diversity,	we	 found	 strikingly	
(7)NEEM = ERM−GPPM
(8)ERM = (R0 ∗ e
β∗airT ∗LAI) + Rx













































In	order	 to	 further	examine	shifts	 in	plant	communities	with	nu-
trient	addition,	we	decomposed	our	diversity	measures	and	explicitly	
examined	changes	in	the	percent	cover	of	four	plant	functional	groups:	
deciduous	shrubs	(e.g.,	Betula nana,	Salix pulchra,	Vaccinium uligonosum),	
evergreen	 shrubs	 (e.g.,	 Empetrum nigrum,	Vaccinium vitis-idea),	 forbs	
(e.g.,	Rubus	chamaemorus,	Polygonum bistorta),	and	graminoid	species	










at	CT	and	F5	 (both	p < .1).	We	did	not	detect	statistically	significant	
differences	between	treatments	for	graminoid	(grass/sedge)	cover.
3.2 | Measured ecosystem CO2 fluxes
Environmental	conditions	were	relatively	stable	throughout	the	sam-
pling	 period	 (see	 Figure	 S1	 in	 Supporting	 Information),	 and	 there	
were	no	statistically	 significant	differences	 in	PAR	or	T	 across	sam-
pling	dates	or	 between	nutrient	 addition	 treatments	 (see	Figure	 S2	





tistically	 significant	 differences	 in	GPP	 (p < .001),	 NEE	 (p < .01)	 and	
ER	(p < .05)	across	nutrient	addition	treatments.	NEE	values	were	sig-




3.3 | Measured- modeled CO2 flux comparison
We	 calculated	 modeled	 NEE,	 GPP,	 and	 ER	 using	 a	 model	 that	 re-
quired	 the	 input	 of	 three	measured	 variables:	 LAI,	 PAR,	 and	T.	 LAI	
ranged	 from	 0.58	 to	 1.63	 (M = 1.11,	 SE	=	0.04)	m2	 leaf/m2	 ground,	
PAR	ranged	from	909	to	1,779	(M = 1406,	SE	=	37.07)	μmol	photons	
m−2	ground	s−1,	 and	 T	 from	 16.58	 to	 25.17	 (M = 21.94,	 SE	=	0.34)	
°C	 (Figure	4a–c).	 For	 modeled	 values,	 NEEM	 ranged	 from	 −11.20	
to	 −3.41	 (M = −7.09,	 SE	=	0.30),	 ERM	 from	 2.47	 to	 6.28	 (M = 4.38,	






































































































































































































































































ability	 to	 respond	 to	 alterations	 in	 resource	 availability;	 thus,	 shifts	
in	 plant	 diversity	 or	 in	 species-	specific,	 leaf-	level	 physiology	 may	























species,	Betula nana,	 and	 the	 formation	of	 a	 dense	 canopy	 resulted	
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in	changes	in	ecosystem	CO2	exchange	at	high	levels	of	nutrient	ad-
dition,	 likely	 due	 to	 the	 competitive	 advantage	 of	 deciduous	 shrub	
species.
4.2 | High levels of nutrient enrichment impact 
ecosystem CO2 exchange
Although	 low	 levels	of	nutrient	 addition	 led	 to	declines	 in	plant	di-
versity	via	shifts	in	species	evenness	and	dominance,	the	capacity	for	




because	 increasing	GPP	 overcame	 increasing	 ER	 (Figure	4a–c).	 The	
documented	 responses	 of	 plant	 communities	 and	 ecosystem	 func-
tioning	 to	gradual	addition	may	be	due	 to	a	variety	of	mechanisms;	
however,	we	focus	on	three	primary	explanations:	(1)	the	ecosystem-	
level	 consequences	 of	 plant	 adaptations	 and	 responses	 to	 chronic	
nutrient	limitation,	(2)	the	role	of	microbial	activity	in	mediating	eco-
system	function,	and	(3)	abiotic	nutrient	sinks	and/or	losses.
First,	 as	 the	 availability	 and	 subsequent	 uptake	 of	 limiting	 re-
sources	 is	 predicted	 to	 stimulate	primary	productivity,	we	expected	










Second,	nitrogen	 (N)	and	phosphorus	 (P)	mineralization	 in	Arctic	







munity	 and	 ecosystem	 responses	 to	multilevel	 nutrient	 enrichment.	
While	 Arctic	 tundra	 plant	 communities	 are	 known	 to	 be	 nutrient-	
limited,	 tundra	 microbial	 communities	 are	 also	 nutrient-	limited,	 as	





















4.3 | Modeled CO2 fluxes estimate ecosystem 
responses to low- to- moderate levels of fertilization
As	 the	Arctic	 continues	 to	warm,	our	ability	 to	accurately	measure,	
monitor	and	predict	C	cycling	across	large	spatial	and	temporal	scales	
is	paramount.	This	task	is	challenging	as	Arctic	tundra	landscapes	are	
complex	 and	 heterogeneous,	 and	 are	 often	 dominated	 by	 varying	
plant	functional	groups,	with	important	effects	on	key	components	of	
C	cycling	(Chapin	et	al.,	2006).	However,	previous	research	has	shown	
that	 canopy	C	 exchange	 across	 a	wide	 range	 of	 Arctic	 ecosystems	
is	controlled	by	the	same	factors	despite	pronounced	differences	 in	
plant	community	composition,	providing	evidence	of	functional	con-
vergence	 (Street	 et	al.,	 2007;	Williams	 &	 Rastetter,	 1999;	Williams	
et	al.,	2001).	As	such,	modeling	efforts	have	assumed	that,	regardless	
of	plant	diversity	or	community	structure,	canopy	C	exchange	can	be	






studies	 (e.g.,	 Shaver	 et	al.,	 2013),	 although	 it	 still	 explained	 roughly	
half	of	the	variance	for	both	NEE	(51%)	and	GPP	(52%),	and	23%	of	







leaf	area.	This	effect	 is	perhaps	driven	by	 the	 response	of	microbial	
communities	to	fertilization	that	is	not	captured	by	the	parameter	in	
the	 Shaver	 et	al.	 (2007)	model	 that	 represents	microbial	 respiration	
from	deeper	soil	horizons	(RX),	although	it	is	surprising	that	this	is	not	
































To	 date,	 results	 from	 long-	term	 experiments	 examining	 the	 impacts	
of	 large	annual	doses	of	nutrients	 in	Arctic	 tundra	have	documented	










C	gain	only	at	high	 levels	of	 fertilization	 that	 likely	exceed	warming-	
induced	enrichment.	 In	 addition,	we	 show	 that	 examining	 a	 gradient	





and	 aboveground	 plant	 community	 properties	 and	 ecosystem	 pro-
cesses	and	any	temporal	variation	in	these	patterns	and	relationships.
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